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EDITORIAL REVIEW
Mechanisms of renal hemodynamic regulation in response to
protein feeding
It is well established that protein ingestion causes marked
changes in renal hemodynamics, both acutely and chronically.
Changing from a low to a high protein diet has been shown to
chronically increase renal blood flow and glomerular filtration
rate (GFR) by as much as 30 to 60% in several different species
[1—4]. Acutely, renal blood flow and GFR increase by 25 to 60%
or more for several hours after the consumption of a high
protein meal [5—9]. This response is thought to be due to some
component of the protein per Se, because the changes are not
seen after carbohydrate or fat meals [4]. Furthermore, amino
acids, given either by stomach tube [10] or as an intravenous
infusion [11, 12], mimic the response to protein feeding in that
they also raise renal blood flow and GFR by 25 to 40%. These
changes are especially striking in light of the fact that renal
hemodynamics are normally very tightly controlled under a
variety of circumstances. Although protein-induced changes in
renal hemodynamics are appropriate adaptive phenomena that
help the kidneys accommodate the increased load of nitroge-
nous wastes that accompanies protein metabolism, until re-
cently the mechanisms by which protein feeding increases renal
blood flow and GFR remained poorly understood. Over the past
ten years much progress has been made toward elucidating
these mechanisms. The purpose of this paper is to review the
experimental evidence supporting and/or refuting the dominant
hypotheses concerning the physiological mechanisms by which
acute protein ingestion alters renal hemodynamics, in an at-
tempt to develop a single theoretical model, compatible with the
experimental data, for how these changes may occur.
The numerous hypothesized mechanisms for acute protein-
or amino acid-stimulated renal vasodilation and hyperfiltration
fall into three general categories. The first category invokes a
role for amino acids as metabolic substrates in causing these
changes. The second category of proposed mechanisms hypoth-
esizes that humoral factor(s), either circulating or local, are
released in response to elevations in plasma amino acid levels
and subsequently stimulate renal vasodilation. Finally, intrinsic
renal mechanisms, including tubuloglomerular feedback and
tubular transport mechanisms, constitute the third category.
Metabolic mechanisms
The first major theory for the mechanism of protein- or amino
acid-stimulated changes in renal hemodynamics hypothesizes
that amino acids act as metabolic substrates. Presumably an
alteration in renal metabolism would stimulate renal vasodila-
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tion, perhaps due to increased oxygen utilization and/or carbon
dioxide production. Glycine infusion does increase renal meta-
bolic rate [13]. However, we have shown in anesthetized dogs
that infusion of a-aminoisobutyric acid, an amino acid that is
cotransported with sodium in the proximal tubule but is not
metabolized, causes the same degree of renal vasodilation as do
normal, metabolizable amino acids [11]. This finding has been
confirmed by Premen and Dobbins [14]. Thus, metabolism of
the amino acids does not appear to be necessary for amino
acid-induced renal vasodilation to occur.
A related hypothesis that fits with the experimental data is
that amino acids, although not necessarily metabolized them-
selves, stimulate other metabolic processes in the kidney, such
as tubular sodium reabsorption. This would be consistent with
our finding that proximal sodium reabsorption and renal oxygen
consumption increase even when non-metabolized amino acids
are infused [11]. This potential mechanism is discussed more
fully below.
Humoral mechanisms
The second group of hypothesized mechanisms for postpran-
dial changes in renal hemodynamics involve a humoral media-
tor. Such a mediator could either be released into the systemic
circulation in response to a meat meal, and in turn act on the
kidney to cause vasodilation and increased GFR, or it could be
released within the kidney itself and have a local vasodilatory
action there.
Growth hormone
The initial evidence in support of a role for a circulating
hormone in causing postprandial renal vasodilation is that the
normal response can be blocked by infusion of somatostatin, an
inhibitor of growth hormone and glucagon [8, 15, 16]. Thus,
both growth hormone and glucagon have been postulated to
mediate the renal vasodilation following a meat meal. Indeed,
both hormones are known to increase renal blood flow and GFR
when infused intravenously [8, 17, 18]. However, growth hor-
mone has now been ruled out as a possible mediator because
renal blood flow and GFR have been shown to increase before
plasma growth hormone levels rise after a meat meal [5] as well
as during amino acid infusion [19]. Also, renal blood flow and
GFR increase postprandially [5] and during mixed amino acid
infusion [20] in the absence of increased plasma growth hor-
mone levels. Finally, renal vasodilation occurs after amino acid
infusion in growth hormone deficient patients [19, 21]. Thus, it
is unlikely that growth hormone mediates the changes in renal
hemodynamics after a meat meal.
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Glucagon
The evidence regarding a possible role for glucagon as a
mediator of postprandial changes in renal hemodynamics, on
the other hand, is conflicting. Several pieces of indirect evi-
dence are consistent with this hypothesis. First, both protein
meals and amino acid infusion stimulate glucagon release,
whereas carbohydrate meals, which do not cause changes in
renal hemodynamics, also do not increase plasma glucagon [1].
Second, branched-chain amino acids, which do not stimulate
glucagon release, also do not stimulate renal vasodilation (20,
22—251. Third, plasma glucagon, GFR, and effective renal
plasma flow have been shown to increase in parallel after a meat
meal in type I diabetic children on a low protein diet; there were
no increases in any of these variables after a meat meal when
the children were maintained on a high protein diet [26]. Thus,
there are several situations in which changes (or lack of
changes) in renal blood flow and GFR during amino acid
infusion or after a meal parallel those of plasma glucagon.
Further indirect evidence that glucagon could mediate amino
acid-stimulated renal vasodilation was provided by Hirschberg
et a!, who reported that in humans infusion of glucagon to
achieve plasma levels similar to those present during arginine
infusion causes increases in GFR and renal plasma flow [27]. On
the other hand, others have found that during glucagon infusion
the plasma levels of glucagon required to elicit comparable
increases in renal blood flow and GFR are much higher than
those achieved after a meat meal in dogs [81, or during amino
acid ingestion [28] or infusion [29] in humans, Also, infusion of
glucagon directly into the renal artery in dogs [30] and humans
[29] failed to increase renal blood flow and GFR, although
infusion into the portal vein did alter renal hemodynamics. Thus
it does not appear from these data that increased circulating
glucagon levels by themselves are sufficient to account for
protein- or amino acid-stimulated renal vasodilation and hyper-
filtration.
The results of an elegant study by Castellino et al are also
consistent with the idea that changes in glucagon alone cannot
account for the renal hemodynamic changes [311. These inves-
tigators performed four different protocols in human subjects.
In the first protocol, a mixed amino acid solution was infused
intravenously for three hours. In the second protocol, the same
amino acid solution was given, along with somatostatin and
infusions of insulin, glucagon, and growth hormone to achieve
the elevated levels of these hormones that were reached in the
first experiment. In the third protocol, the amino acid and
somatostatin infusions were given with replacement of the
hormones at basal levels. Finally, in the fourth protocol,
somatostatin was infused with insulin, glucagon, and growth
hormone to achieve the elevated levels of the first protocol,
without amino acids. The results of this study are shown in
Figures 1 and 2. As expected, infusion of amino acids caused
GFR and renal plasma flow to increase in these subjects. During
somatostatin infusion, neither infusion of amino acids with
basal hormone replacement nor replacement of the hormones at
elevated levels without amino acid infusion elicited the renal
hemodynamic response. However, infusion of amino acids
along with replacement of hormones at elevated levels did
increase GFR and renal plasma flow. Thus, the results of this
study suggest that both elevated hormone levels and elevated
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Fig. 1. Time course of change in glomerular filtration rate (GFR) from
baseline during amino acid infusion alone (I—I), amino acid infusion
with somatostatin (SRIF) plus hormone replacement at elevated levels
(0--a), amino acid infusion with SRIF plus hormone replacement at
basal levels (0--fl), and SRJF infusion plus hormone replacement at
elevated levels (•—U) in humans. Values are means s. * Signifi-
cantly different from baseline value. Used with permission from refer-
ence 1311.
amino acid levels are necessary to cause the renal hemody-
namic response.
A major problem with using somatostatin to test the involve-
ment of glucagon in postprandial renal vasodilation is that it is
not a pure inhibitor of glucagon. In addition to inhibiting release
of both glucagon and growth hormone, somatostatin reduces
renal and gastrointestinal blood flow and GFR, and impairs
gastrointestinal uptake of nutrients [32, 33]. Thus, care must be
exercised when interpreting results of studies using this inhib-
itor. Another approach to this question was taken by Premen et
al, who surgically removed the pancreas in dogs to prevent
glucagon release. These investigators reported that neither
infusion of amino acids into anesthetized pancreatectomized
dogs nor replacement of glucagon at elevated levels caused
renal vasodilation, whereas infusion of amino acids along with
replacement of glucagon at elevated levels did increase renal
blood flow and GFR [34]. Caution must be exercised in inter-
preting these results as well, because pancreatectomy is a
relatively traumatic procedure. However, these experiments
also suggest that both increased plasma amino acid levels and
elevated plasma glucagon levels are required for amino acid-
induced changes in renal hemodynamics.
At least one study has been conducted in pancreatectomized
human patients, in which it was reported that whereas amino
acid infusion failed to increase GFR and ERPF, intravenous
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infusion of glucagon did cause GFR and ERPF to rise [29].
However, the plasma levels of glucagon achieved during the
glucagon infusion were several-fold higher than those achieved
during amino acid infusion in normal subjects, so it is difficult to
draw any firm conclusions from this study.
On the other hand, several studies have suggested that an
increase in plasma glucagon is not necessary for protein- or
amino acid-stimulated renal vasodilation and hyperfiltration.
Bergstrom, Ahlberg and Alvestrand found that in human sub-
jects following a high protein meal, GFR increased significantly
before glucagon was increased [5]. In another study, in chil-
dren, GFR and ERPF had returned to control values by 90 to
120 minutes after a meat meal although glucagon remained
elevated [35]. Other investigators have also shown that in-
creases in plasma glucagon are not directly associated with
increases in GFR [281. Additionally, at least two studies have
reported patients in whom renal blood flow and GFR increased
after a protein meal despite a lack of increase in plasma
glucagon [15, 36]. Taken together, these reports argue against
the hypothesis that elevated glucagon levels mediate or even
play a permissive role in postprandial changes in renal hemo-
dynamics.
antagonists and/or improvement in existing techniques for
studying isolated organs (see below).
Insulin
In contrast to glucagon, insulin has received only brief
attention as a possible hormonal mediator of protein-induced
increases in renal blood flow and GFR. In dogs, infusion of
physiologic doses of insulin has been shown not to affect GFR
and ERPF [37]. Also, in children, a meat meal raised GFR and
ERPF in the absence of changes in plasma insulin [261. Thus,
insulin does not appear to play an important role in this
response.
Glomerulopressin
Another humoral factor that has been postulated to mediate
180 postprandial changes in renal hemodynamics is a putative
hepatic hormone [38]. It has been reported that liver vein blood
contains a factor that raises glomerular pressure in toads and
increases GFR in rats and dogs; this factor has been called
'glomerulopressin." Although the exact structure of this sub-
stance has not yet been determined, it has been hypothesized to
play a role in amino acid- and protein-induced renal vasodila-
tion [38]. Glomerulopressin activity in human hepatic venous
plasma is reportedly stimulated by intravenous amino acid
infusion [39], and isolated rat livers also produce the substance
when perfused with an amino acid solution [40]. Unfortunately,
virtually all of the work published on glomerulopressin has been
conducted in a single laboratory; it will be important for other
groups to confirm their findings.
The possibility that the liver could play a role in protein-
stimulated renal vasodilation and hyperfiltration is suggested by
the finding that patients with cirrhosis do not increase GFR
after protein loading [41]. However, cirrhosis is generally
accompanied by marked alterations in fluid balance and volume
regulating hormones, which might also play a part in inhibiting
the response.
To test the importance of the liver in mediating amino
acid-induced increases in renal blood flow and GFR, in our
laboratory we effectively removed the liver from the circulation
in anesthetized dogs by ligating the hepatic artery and inserting
a shunt from the hepatic portal to the femoral vein. We found that
intravenous infusion of a mixture of amino acids into the dogs after
hepatic ligation caused increases in renal blood flow and GFR that
were at least as large as those in intact anesthetized dogs [42).
Ligation of hepatic vessels is a relatively traumatic procedure, and
several factors in these animals, including a fall in arterial pressure
and a higher rate of saline infusion, should have tended to bias our
results against a response to amino acid infusion. The fact that the
renal hemodynamic response was not impaired in the absence of
a functional liver provided strong evidence that the liver or a
substance released by the liver is not necessary for amino
acid-stimulated renal vasodilation to occur. Further evidence
that the liver does not directly mediate the changes in renal
hemodynamics induced by amino acids was provided by Pre-
men, who showed that infusion of a mixture of amino acids into
either the femoral vein or the hepatic portal vein caused similar
changes in renal blood flow and GFR [43].
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Fig. 2. Time course of change in renal plasma flow (RPF) from
baseline during amino acid infusion alone (•—•), amino acid infusion
with somatosta tin (SRIF) plus hormone replacement at elevated levels
(O--O), amino acid infusion with SRIF plus hormone replacement at
basal levels (IJ--D), and SRIF infusion plus hormone replacement at
elevated levels (U—U) in humans. Values are means SE. * Signifi-
cantly different from baseline value. Used with permission from refer-
ence [311.
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Many investigators believe that glucagon plays a major role in
mediating the increases in renal blood flow and GFR after
protein ingestion. However, this review of the experimental
evidence indicates that the importance of glucagon in postpran-
dial renal vasodilation and hyperfiltration is far from certain.
Further elucidation of the precise role of glucagon in this
response awaits the development of more specific glucagon
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Other gastrointestinal hormones
There is at least one report that the rise in GFR and renal
plasma flow in humans was greater after oral arginine than after
intravenous arginine, despite the fact that the rise in glucagon
was smaller [28], suggesting that other gastrointestinal hor-
mones could be involved in mediating the renal hemodynamic
response. However, these investigators found that there were
no differences in the concentrations of gastrin, neurotensin, or
pancreatic polypeptide between oral and intravenous arginine
administration [28]. Thus, it is also unlikely that these three
hormones are involved in mediating the renal hemodynamic
response to amino acid infusion.
Atrial natriuretic peptide and arginine vasopressin
It also does not appear that atrial natriuretic peptide (ANP) is
an important factor in mediating postprandial changes in renal
hemodynamics. Several studies have reported finding no in-
crease in ANP after a meat meal in humans [44, 451. In another
study plasma ANP was found to be constant or only slightly
elevated following a meat meal, despite significant increases in
creatinine clearance [46]. Finally, Rodriguez-Iturbe et al re-
ported that, although plasma ANP and creatinine clearance
increased in parallel after a meat meal in humans, the increase
in ANP was not sufficient to account for the increase in
creatinine clearance [47]. Thus, whether or not acute protein
feeding stimulates a rise in plasma ANP levels, ANP does not
appear to play an important role in mediating the corresponding
changes in renal blood flow and GFR.
There has been little interest in a possible role for arginine
vasopressin (AVP) in causing acute protein-induced alterations
in renal hemodynamics, probably because AVP is a vasocon-
strictor and if anything should reduce renal blood flow in the
absence of changes in arterial pressure. Thus, although plasma
AVP increased after protein loading in patients with chronic
glomerular disease [48], it is unlikely that AVP mediates post-
prandial renal vasodilation.
Renin-angiotensin system
The renin-angiotensin system has also been postulated to be
involved in mediating protein- or amino acid-induced renal
vasodilation and hyperfiltration. A number of maneuvers
known to block the renal hemodynamic response to a meat meal
or amino acid infusion, including production of a nonfiltering
kidney [11], reduction of renal perfusion pressure to the limits
of autoregulation [11], and administration of loop diuretics [491
(see below), also interfere with the renin-angiotensin system.
Most investigators report that plasma renin activity and angio-
tensin II concentration do not increase during amino acid
infusion or following a meat meal [20, 36, 44, 50, 51]. However,
direct evidence regarding the role of the renin-angiotensin
system in postprandial renal vasodilation and hyperfiltration is
conflicting.
Ruilope et al reported that maintenance of human subjects on
a low sodium diet for three days abolished the normal renal
hemodynamic effects of an amino acid infusion [51]. In con-
trast, we found in conscious chronically instrumented dogs that
a low salt diet did not reduce but even tended to augment the
renal responses to a meat meal [501. Reinhardt et at also found
that postprandial changes in renal blood flow were similar in
dogs on high and low sodium intakes [52]. The reasons for the
discrepancies between these studies are not clear. In our study,
the effects of the low sodium diet should if anything have been
more marked than in the human study, because the dogs were
maintained on the diet for a longer time prior to the experiment
and the actual sodium intake was lower. PRA rose by sevenfold
in our dogs in response to the low-salt diet, and only by twofold
in the human study. Thus, it seems unlikely that the differences
in the renal hemodynamic responses in the two studies were
due to a larger "low salt" dietary stimulus in the human study.
However, it is possible that species differences could play a role
in the magnitude of the effect of a given low salt stimulus.
Several investigators have looked at the effects of converting
enzyme inhibition on the renal hemodynamic responses to
protein feeding or amino acid infusion. We found in conscious
dogs on a fixed normal salt intake that infusion of captopril had
no effect on the normal increases in renal plasma flow and GFR
following a meat meal [50]. Consistent with these findings,
Slomowitz, Hirschberg and Kopple showed that pretreatment
with captopril had no effect on the response to amino acid
infusion in normal humans, although it enhanced the response
in diabetics [53], Similarly, Krishna et a! found that another
converting enzyme inhibitor, enalapril, did not significantly
affect the increase in GFR after a meat meal in normal humans,
and actually tended to augment the increase in effective renal
plasma flow [54]. Interestingly, Ruilope et al reported that
captopril restored the normal response to amino acid infusion
that had been blocked by the low salt diet in their human
subjects [511. Captopril also restored the normal response to
glycine infusion that was abolished in Goldblatt hypertensive
rats [55]. In contrast, others have reported that enalapril
blunted the increase in creatinine clearance following a meat
meal in humans [56], and that either an angiotensin receptor
antagonist or enalapril attenuated glycine-induced renal hyper-
emia and hyperfiltration in rats [57]. Possible explanations for
these discrepancies with the former studies include a time effect
of the oral enalapril, lack of a good correlation between changes
in creatinine clearance and true GFR, and a reduced blood
pressure which itself could have interfered with a normal
response [11].
To further explore the possibility that high levels of angio-
tensin II could prevent the normal renal hemodynamic response
to a meat meal, we infused angiotensin at a rate sufficient to
raise arterial blood pressure by 20 mm Hg in conscious dogs,
and maintained the infusion for the duration of the experiment.
These elevated levels of angiotensin II failed to abolish the
increases in renal plasma flow and GFR after a meat meal [50].
Thus, although there is some disagreement, it appears that the
renin-angiotensin system does not play an important role in
amino acid- or acute protein-stimulated changes in renal hemo-
dynamics. It may, however, be important in mediating the
effects of chronic changes in dietary protein intake [58—60].
Perhaps the most convincing evidence that a circulating
hormonal mediator is not required for amino acid-induced renal
vasodilation would be the finding that isolated perfused kidneys
vasodilate and increase GFR in response to amino acids. This
question has been addressed by several groups of investigators,
and the results are suggestive but not absolutely convincing.
Brezis, Silva and Epstein found that addition of amino acids to
a perfusate containing glucose as the only other substrate
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caused renal vasodilation but no change in GFR in isolated
perfused rat kidneys [611. A potential criticism of this study,
however, is that perfusion of the kidneys with fluid completely
devoid of amino acids for 40 minutes before adding amino acids
may have biased the results, because perfused kidneys may
require basal amino acid levels to retain optimum function.
Indeed, even at best isolated perfused kidneys tend to deterio-
rate fairly rapidly over time. Moreover, in this study renal
perfusion pressure was controlled at 85 mm Hg, which is below
the limit of autoregulation in this species. We have shown in
whole-animal experiments in dogs that kidneys in which perfu-
sion pressure is reduced to the limit of autoregulation do not
vasodilate or increase GFR in response to intravenous amino
acid infusion [11, see below]. Thus, the finding that these
isolated perfused kidneys did not increase GFR when amino
acids were added to the perfusate may be a result of the
experimental design. In contrast, Baines, Ho and James added
amino acids to the perfusate of isolated kidneys at the beginning
of the perfusion period [62]. These investigators found that
kidneys perfused with lactate, pyruvate, or glucose had higher
GFRs when amino acids had also been added to the perfusate.
Renal vascular resistances were also generally lower. This
study is more convincing than the previous one, but still carries
the potential criticism that control perfusates contained no
amino acids at all. In a third study in the isolated perfused
kidney, El Sayed, Haylor and El Nahas used low levels of
amino acids in the control perfusate [63]. Increasing the amino
acid concentration caused a sustained increase in perfusate flow
and prevented a time-dependent fall in GFR in these kidneys.
Taken together, these studies in isolated perfused kidneys
suggest that amino acids do have at least some direct actions on
the kidneys to stimulate vasodilation and hyperfiltration, with-
out the requirement for a circulating hormonal mediator. How-
ever, many investigators are not yet convinced that this is the
case.
Prostaglandins
Although considerable controversy still exists with regard to
the importance of a circulating hormonal factor in mediating
postprandial changes in renal hemodynamics, it appears clear
that one or more local humoral factors are indeed involved in
this response. The humoral factors that have received the most
attention are the prostaglandins. Urinary prostaglandin E2
excretion may or may not increase after a protein load or during
amino acid infusion [20, 51, 64, 65]. Numerous studies have
shown that a variety of prostaglandin inhibitors abolished the
normal increase in GFR after a meat meal or during amino acid
infusion in humans and rats [27, 51, 54, 65—68], although the
extent to which the increase in renal blood flow was inhibited
varied from no inhibition to complete inhibition. We have found
in our laboratory that meclofenamate prevented the normal
increases in GFR and effective renal plasma flow after a meat
meal in dogs (unpublished results). Thus, although there are
occasional conflicting reports [69, 70], the evidence is over-
whelmingly in favor of some involvement of prostaglandins in
protein-induced changes in renal hemodynamics. The pros-
taglandins have been classified here as locally acting humoral
factors because they are known to be involved in intrinsic renal
hemodynamic control mechanisms (see below), and because
their inhibition partially abolished the effect of mixed amino
acids on inulin clearance in the isolated perfused rat kidney
[631. However, it is also possible that circulating prostaglandins
or prostaglandin actions on other organ systems could play a
part in mediating the effects of amino acids on the kidney.
Indeed, it has been suggested that indomethacin may prevent
the rise in plasma glucagon after a meat meal [71].
Endotheliurn-derived relaxingfactor
Another locally acting humoral factor that has recently re-
ceived considerable attention is endothelium-derived relaxing
factor (EDRF). EDRF, which as its name implies is a vasodila-
tory substance produced by vascular endothelial cells, is now
known to be nitric oxide. Its synthesis can be inhibited by
NGmonomethyl L-arginine (LNMMA). Several laboratories
have now shown that LNMMA and other nitric oxide synthesis
inhibitors prevent or at least blunt amino acid-stimulated renal
vasodilation and hyperfiltration in rats and dogs [72—75]. Thus,
it seems clear that EDRF somehow participates in the normal
renal hemodynamic response to amino acid infusion. However,
the details of this participation remain to be elucidated. Chen,
Mitchell and Navar reported that the time course of changes in
renal hemodynamics during L-arginine infusion differed from
that during mixed amino acid infusion, suggesting that the
mechanisms responsible for the changes may not be identical
[76]. The amino acid L-arginine is believed to be the immediate
precursor of EDRF. In studies of amino acid-induced changes
in renal hemodynamics in which L-arginine was the amino acid
chosen for infusion, one might postulate a direct production of
EDRF from arginine by the endothelial cells. However, the fact
that other amino acids also cause renal vasodilation, and that
LNMMA inhibits the vasodilation stimulated by other amino
acids, argues against this possibility as the sole mechanism. It
seems more likely that EDRF is part of a less specific vasodila-
tory mechanism that participates in a variety of functions.
Recent evidence that nitric oxide synthase is present in large
amounts in macula densa cells, along with its corresponding
mRNA [77], suggests that nitric oxide could be released from
the macula densa during amino acid infusion and subsequently
cause afferent arteriolar vasodilation (see below).
Intrinsic renal mechanisms
The third category of mechanisms proposed to be involved in
mediating protein- or amino acid-stimulated renal vasodilation
and hyperfiltration are intrinSic renal mechanisms, including
tubuloglomerular feedback (TGF) and tubular transport. TGF is
a local control mechanism that has been demonstrated in
micropuncture studies and is thought to be involved in mediat-
ing renal autoregulation during changes in perfusion pressure
[78]. An important component of the TGF mechanism is the
specialized structure of the nephron, in which the early distal
tubule returns to run in close proximity to the efferent and
afferent arterioles of that same nephron. The specialized macula
densa cells in the wall of the distal tubule at this point appear to
be capable of sensing some function of tubular flow rate,
probably sodium or chloride concentration or transport, and
causing afferent arteriolar vasodilation or vasoconstriction in
response to changes in tubular flow rate. One way in which the
TGF mechanism could mediate renal vasodilation when plasma
amino acid levels are elevated is as follows. An increase in
filtered amino acids would necessitate an increase in tubular
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amino acid reabsorption. Because amino acids and sodium are
cotransported in the proximal tubule, this would stimulate an
increase in proximal sodium chloride reabsorption, resulting in
a fall in distal sodium chloride delivery and thus a change in the
signal at the macula densa, causing afferent vasodilation. Ob-
viously, this proposed mechanism would involve intrinsic tu-
bular transport mechanisms as well as TOF. Amino acids might
also alter the TGF sensing mechanism directly.
Over the past few years in our laboratory we have conducted
a number of studies aimed at testing the general hypothesis that
intrarenal mechanisms are important in mediating amino acid-
and protein-stimulated renal vasodilation. In our earliest exper-
iments, we specifically addressed the question of whether TGF
is involved in the response. We first established the normal
renal hemodynamic responses to intravenous infusion of a
mixture of amino acids in anesthetized dogs. At a physiological
infusion rate, renal blood flow and GFR increased by 30 to 35%
(Fig. 3). Fractional proximal sodium reabsorption increased, as
did renal oxygen consumption, and distal sodium delivery
(calculated using the lithium clearance technique) remained
constant [11]. Similarly, in studies in adult humans, distal
sodium delivery determined by the free water clearance tech-
nique was also found to remain constant during amino acid
infusion, despite an increase in GFR [79]. These results were
consistent with the hypothesis that TGF is involved in mediat-
ing amino acid-induced renal vasodilation, because if amino
acids stimulated a primary increase in proximal sodium reab-
sorption, distal delivery would tend to fall and TGF would
almost immediately cause afferent vasodilation and an increase
in GFR in order to restore distal delivery toward normal. In
other words, distal sodium chloride delivery, or some function
Fig. 3. Time course of changes in renal
hemodynamics during intravenous amino acid
infusion in anesthetized dogs with normal
filtering kidneys (N = 7). Values are means
SE. Control values for renal blood flow are 266
33 mI/mm and for GFR are 44 4 mI/mm.
* Significantly different from control. Used
with permission from reference [II].
thereof, is the controlled variable. Thus, if our hypothesis is
correct, one would expect only a transient fall in distal delivery,
especially if the feedback gain of this mechanism is high, which
would not be detected by clearance techniques. On the other
hand, if amino acids caused a primary vasodilation (that is, a
primary vascular effect rather than a primary tubular effect),
although absolute proximal sodium reabsorption should in-
crease simply through glomerulotubular balance mechanisms,
fractional proximal sodium reabsorption would be expected to
fall, because glomerulotubular balance is not perfect [80, 81],
and distal delivery would increase. Thus, in both dogs and
humans, indirect measurements of distal delivery during amino
acid infusion are consistent with the hypothesis that TGF may
mediate the normal renal hemodynamic response to amino
acids.
In another set of experiments, we servo-controlled renal
perfusion pressure at the limits of autoregulation (71 mm Hg)
throughout the experiment, to exhaust the capacity of the
kidney to vasodilate through autoregulatory mechanisms, and
to impair TGF [ill. In kidneys at reduced perfusion pressure,
renal blood flow and GFR did not change during intravenous
infusion of amino acids. Furthermore, distal sodium delivery
was reduced, as would be expected if amino acids stimulated a
primary increase in proximal sodium reabsorption and the TGF
mechanism was unable to compensate by increasing GFR.
Baines et al also found in the isolated perfused rat kidney, a
preparation in which autoregulation is impaired although not
abolished, that addition of amino acids to the perfusate in-
creased fractional proximal sodium reabsorption and GFR, and
decreased distal delivery [621. Additionally, we found that renal
autoregulatory capability in response to reductions in perfusion
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pressure was impaired during amino acid infusion in normal
kidneys [11]. Other investigators have also found that although
autoregulatory efficiency is preserved at high pressures, amino
acids reduce autoregulatory capacity at normal and subnormal
arterial pressures [82], further suggesting a link between renal
autoregulatory vasodilatory mechanisms and amino acid-in-
duced renal vasodilation. Thus, the results of all of these
protocols were at least consistent with a role for TGF in amino
acid-stimulated changes in renal hemodynamics.
In our next series of experiments, we blocked the macula
densa mechanism in anesthetized dogs by making nonfiltering
kidneys [lii. Although nonfilteririg kidney preparations do have
some other abnormalities, they are an effective way to block
changes in tubuloglomerular feedback (TGF) in the whole
kidney while retaining responsiveness to direct vasodilators.
Moreover, we used two different models of nonfiltering kidneys
so that the abnormalities would be different. As can be seen in
Figure 4, renal blood flow did not increase during amino acid
infusion in nonfiltering kidneys, providing further evidence that
an intact TGF mechanism is necessary for amino acid-induced
renal vasodilation.
To date, the only evidence against the hypothesis that an
intact TGF mechanism is required for amino acid-induced renal
vasodilation and hyperfiltration is a single study by Brown and
Navar [82]. In micropuncture experiments in anesthetized dogs
these investigators showed that nephrons that are blocked and
have no flow to the macula densa exhibit an increase in single
nephron GFR during an intravenous infusion of mixed amino
acids that is proportional to the increase in whole kidney GFR.
Interestingly, they also found no evidence for altered proximal
tubular reabsorption rate during amino acids. The authors
concluded that non-TGF mechanisms are quantitatively quite
significant as mediators of the hyperfiltration response to amino
acids, and that the response is largely if not completely inde-
pendent of the TGF mechanism. At first glance it would appear
difficult to resolve the opposing conclusions of this study and
ours, and the reasons for the discrepancies between the two
studies are not immediately clear. Anesthetized dogs were used
in both cases, so the discrepancies are not due to species
differences nor to the state of consciousness of the animals, but
the methods used to address the question were different. The
study by Brown and Navar had the advantage that TGF was
blocked more directly than by our whole-kidney techniques. On
the other hand, in micropuncture studies TGF is blocked in only
one nephron, whereas all of the surrounding nephrons remain
intact. It is likely that TGF operates through a local humoral or
electrical signal, and if all of the surrounding nephrons were
vasodilating through this mechanism during an intravenous
infusion of amino acids, it is quite possible that a single nephron
with TGF blocked could receive enough "crosstalk" from
neighboring nephrons that it too would vasodilate. Indeed, the
existence of such TGF-initiated interactions between adjacent
nephrons has been demonstrated in the rat [83]. Thus, mi-
cropuncture techniques in which TGF is blocked in a single
nephron and amino acids are infused intravenously are also not
ideal to answer this question, and the truly definitive experi-
ment has yet to be done. Although Brown and Navar drew
opposite conclusions to ours, their finding that blockade of TGF
in one nephron did not prevent amino acid-induced changes in
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single nephron GFR and renal blood flow may not be incom-
patible with our findings in more indirect experiments at the
whole-animal level.
Our more recent studies have continued to address the
general hypothesis that protein- or amino acid-stimulated renal
vasodilation requires an intact TGF mechanism, focusing spe-
cifically on the renal hemodynamic responses to a meat meal in
conscious, chronically instrumented dogs. Although most in-
vestigators believe that acute protein feeding and amino acid
infusion change renal hemodynamics through similar mecha-
nism(s), protein feeding in conscious animals is the most normal
physiologic situation. Thus, whenever possible, it is advanta-
geous to study the response under these conditions.
One way to approach the specific question of whether tubular
amino acid transport is an important step in protein-induced
renal vasodilation is to create a situation in which proximal
tubular amino acid reabsorption is impaired. We did this in
conscious dogs by injection of maleic acid to induce experimen-
tal Fanconi syndrome [9]. This syndrome is characterized by
glucosuria, aminoaciduria, phosphaturia, and bicarbonaturia,
and is thought to reflect generalized proximal tubular dysfunc-
tion. The saturable reabsorption mechanism for amino acids
along the proximal tubule is inhibited, as is proximal sodium
reabsorption, but the distal tubule retains its normal reabsorp-
tive capacity [84, 85]. Figure 5 shows the renal hemodynamic
responses to a 10 glkg meal of raw beef in normal dogs. GFR
and effective renal plasma flow (ERPF) increased by 49% and
59%, respectively after the meat meal. In another group of dogs
(Fig. 6), injection of maleic acid caused GFR to fall by 27%;
ERPF also fell although this did not reach statistical signifi-
cance. Urinary excretion of amino acids and glucose increased,
indicating that reabsorption of these solutes was impaired.
Following a meat meal, the normal increases in GFR and ERPF
were abolished in the dogs with experimental Fanconi syn-
drome, despite normal increases in plasma a-amino nitrogen
and glucagon levels. (ERPF actually fell gradually after the
meat meal in these studies, but we did not attach a great deal of
significance to this finding since a similar fall in ERPF was seen
in time control studies after injection of maleic acid. It may very
well be that maleic acid alters the PAH extraction by the kidney
so that PAH clearance is no longer a good measure of true
changes in renal blood flow under these conditions.) These
results suggest that normal proximal tubular function is re-
quired for protein-induced renal vasodilation and hyperfiltra-
tion.
There are at least two possible explanations for the interfer-
ence of maleic acid with the renal hemodynamic response to a
meat meal that would be consistent with our general hypothe-
sis: it could act either by interfering with tubular amino acid
transport, or by interfering directly with proximal sodium
chloride reabsorption and consequently with TGF itself. We
know that amino acid transport was impaired in these studies
because a-amino nitrogen excretion increased after maleic acid,
despite a reduction in filtered load, Also, sodium excretion
increased about 10-fold in response to maleic acid, and the
tremendous increase in distal delivery that presumably oc-
curred in our studies may have been sufficient to effectively
block any changes in TGF in response to a meat meal. In
micropuncture studies in the rat, maleic acid has been shown to
increase distal delivery of chloride, and a resulting activation of
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TGF was at least partially responsible for the accompanying fall
in GFR [86]. Thus, TGF itself may have been impaired in the
dogs with Fanconi syndrome.
To help distinguish between these two possibilities, we
conducted further studies in conscious dogs using diuretic
drugs. In these studies, we chose diuretics that act at different
sites along the tubule as well as through different mechanisms.
We reasoned that if the TGF mechanism is important in
mediating postprandial renal vasodilation and hyperfiltration,
diuretics that inhibit sodium chloride reabsorption proximal to
the macula densa should interfere with TGF and consequently
with protein-induced changes in renal hemodynamics, whereas
diuretics whose site of action is purely distal to the macula
densa should not affect the normal response. Indeed, the
carbonic anhydrase inhibitors, which inhibit sodium reabsorp-
tion in the proximal tubule, are known to interfere with TGF
[87], whereas amiloride, which acts in the distal tubule, does
not [881. We found that in dogs receiving the proximally-acting
diuretic acetazolamide, GFR and ERPF failed to increase after
a meat meal [89]. On the other hand, in dogs receiving either
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Fig. 5. Time course of changes in glotnerular filtration rate (GFR),
effective renal plasma flow (ERPF), and plasma a-amino nitrogen
levels in response to a 10 g/kg meat meal in normal conscious dogs.
Values are means SE. * Significantly different from control. Used
with permission from reference [9].
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Fig. 6. Time course of changes in glomerular filtration rate (GFR),
effective renal plasma flow (ERPF), and plasma a-amino nitrogen
levels in response to injection of maleic acid and a subsequent 10 glkg
meat meal in conscious dogs. Values are means SE. * Significantly
different from control, f significantly different than after maleic acid
alone. Used with permission from reference [9].
potassium canrenoate (a water-soluble spironolactone) or
amioride, both of which act in the distal tubule, GFR and
ERPF increased normally following the meat meal [89]. These
results provide further evidence that intact function in the
proximal portion of the renal tubule is necessary for protein-
stimulated renal vasodilation to occur. They suggest that nor-
mal proximal tubular sodium reabsorptive capacity is necessary
for this response, but they do not rule out the possibility that
proximal tubular amino acid reabsorption may also play a role.
To more directly test the hypothesis that the TGF mechanism
is involved in mediating postprandial renal vasodilation, in
another study we administered either furosemide or ethacrynic
acid, loop diuretics that inhibit sodium chloride reabsorption in
the thick ascending loop of Henle, and probably also at the
macula densa cells themselves. Both diuretics have been shown
to inhibit TGF in microperfusion experiments in the rat [88],
and we used them as yet another method of interfering with
TGF at the whole-kidney level. In dogs receiving either fu-
rosemide or ethacrynic acid (with fluid and salt losses continu-
ously replaced), GFR and ERPF failed to increase after a meat
meal [49]. Taken together, these three sets of studies indicate
that interference with sodium reabsorption anywhere proximal
to or at the macula densa will inhibit protein-induced renal
namic changes after a protein meal.
One specific hypothesis in our original scheme was that
amino acids might stimulate proximal sodium reabsorption
through sodium-amino acid cotransport. In dogs in which
plasma and urinary amino acids and proximal sodium reabsorp-
tion were measured [11], we found that increased reabsorption
normal renal hemodynamic responses to amino acid infusion or
acute protein feeding; these inhibitors have also been shown to
interfere with TGF [91]. Secondly, inhibitors of nitric oxide
general effect of previous vasodilation, because infusion of
dopamine to cause the same degree of initial vasodilation does
not prevent a further renal vasodilation and hyperfiltration after
a subsequent meat meal [93]. Dopamine is a preglomerular
vasodilator that works through a mechanism other than calcium
channels [94, 95]. If verapamil does prevent postprandial in-
creases in renal blood flow and GFR by blocking TGF, it seems
likely that the involvement of calcium channels in this mecha-
nism may be at the level of the effector step (that is, the smooth
muscle cell of the afferent arteriole) rather than at the sensor
step (the macula densa cell), because perfusion of the tubule
with verapamil does not inhibit TGF [96], whereas intravenous
injection of verapamil does [92]. Because calcium influx into
smooth muscle cells generally causes vasoconstriction whereas
blockade of voltage-dependent calcium channels causes vaso-
dilation, we speculate that protein feeding may interfere with
cellular calcium influx through voltage-dependent channels,
possibly indirectly through the TGF mechanism. Thus, there
are a number of cases in which agents that block TGF also
block the normal renal hemodynamic responses to amino acid
infusion or acute protein feeding.
Finally, it has also been shown that glycine infusion causes
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vasodilation. Thus, changes in proximal tubular sodium chlo-
ride reabsorption are likely to be important in causing the
* normal renal hemodynamic response to acute protein feeding.
More specifically, these findings using loop diuretics provided
further evidence in support of the hypothesis that the TGF
mechanism is important in mediating the normal renal hemody-
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of amino acids could directly account for only about one-third
of the estimated increase in proximal sodium reabsorption, if a
one-to-one cotransport ratio is assumed [90]. Therefore, it is
likely that amino acids may stimulate proximal tubular trans-
port by other mechanisms in addition to a simple cotransport of
amino acids and sodium.
* * Several pieces of indirect evidence are also consistent with
the possibility that TGF may mediate postprandial changes in
renal hemodynamics. For example, it has already been men-
tioned that prostaglandin synthetase inhibitors prevent the
_____
• • synthesis, also mentioned above, prevent amino acid-induced
C —30 0 30 60 90 120 renal vasodilation and also interfere with TGF [72]. Thirdly, we
have shown that the calcium channel blocker verapamil, which
is known to inhibit TGF [92], also prevents further renal
vasodilation and increases in GFR after a meat meal [93].
Moreover, verapamil does not cause additional renal vasodila-
tion in normal dogs following postprandial vasodilation [93].
The effect of verapamil to prevent further increases in renal
blood flow and GFR after a meat meal is not simply due to a
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similar increases in GFR and ERPF in pregnant and virgin rats,
despite the normal increase in baseline values for renal hemo-
dynamics in pregnancy [97]. Although very little information is
available for human pregnancy, there is at least a suggestion
that pregnant women may increase GFR and/or creatinine
clearance in response to acute protein feeding [98, 99] or amino
acid infusion [1001. These findings fit with our hypothesis that
TGF may be involved in mediating protein-stimulated changes
in renal hemodynamics, because TGF activity is not suppressed
during pregnancy [101], and renal autoregulation remains intact
[1021.
Miscellaneous information
A number of pieces of information are available concerning
amino acid- or protein-induced renal vasodilation and hyperfil-
tration that neither support nor refute the hypotheses discussed
above, but that are of interest and may have some bearing on
the mechanisms involved. For example, it has been shown that
D-isomers of amino acids do not stimulate increases in renal
blood flow and GFR, and that racemic mixtures of the amino
acids cause only about half the effect that L-isomers do [14].
This is of course not surprising, because the L-isomers are the
naturally occurring form of amino acids.
Several studies have addressed the question of whether the
type of protein ingested influences the degree of postprandial
renal vasodilation and hyperfiltration, with conflicting results.
Dhaene et al found that the increases in GFR after a meal of
cooked red meat in humans were larger than after ingestion of
Fortimel, a dietetic preparation from protein of a different origin
[103]. Other investigators reported that GFR increased in
humans after ingestion of animal protein (tuna) but not vegeta-
ble protein (bean curd) [104]. Another group found that inges-
tion of meat protein increased creatinine clearance in humans,
whereas ingestion of milk protein did not [105]. In contrast,
other groups of investigators have reported that the GFR
response to milk protein is at least as large as that to meat
protein [106], and that creatinine clearance increases similarly
following meat and non-meat protein meals in humans [107].
Thus, there is no agreement on whether the type or source of
protein influences the renal hemodynamic response, although
one would expect that if some amino acids have greater abilities
to stimulate the response, proteins high in those amino acids
should also be more effective.
A few studies have also looked at a possible role for the renal
nerves and dopamine in mediating amino acid- or protein-
induced changes in renal function. At low doses, dopamine is a
renal vasodilator [93], and renal dopamine excretion is known
to increase after a high protein meal [1081. In anesthetized rats,
either renal denervation or administration of a dopamine 2
receptor antagonist was reported to prevent amino acid-stimu-
lated changes in ERPF and GFR, whereas a dopamine 1
antagonist did not [109], leading the authors to conclude that
renal dopamine-containing nerves play a key role in altering
renal hemodynamics during amino acid infusion. On the other
hand, in humans, carbidopa, an inhibitor of dopamine forma-
tion, altered renal excretions following a protein meal but did
not significantly alter the response of creatinine clearance to
protein [108]. Studies in our own laboratory have shown that
prior renal vasodilation with exogenous dopamine in dogs does
not prevent further increases in renal hemodynamics after a
subsequent meat meal [93]. Another study in unilaterally renal
denervated conscious dogs reported that an infusion of arginine
increased renal blood flow in the intact kidney but not in the
denervated kidney, again suggesting that the renal nerves are
required for amino acid-stimulated renal vasodilation [741.
However, at least two studies in humans have shown that
transplanted kidneys have the capacity to increase renal blood
flow and GFR after a protein meal [110, 111], demonstrating
that intact renal nerves are not necessary for protein-induced
renal vasodilation and hyperfiltration. Thus, the data regarding
the importance of dopamine and the renal nerves in amino acid-
or protein-stimulated changes in renal hemodynamics are con-
flicting, and the precise role played by these elements remains
to be elucidated.
Interactions with chronic protein feeding
This paper has focused on the physiological mechanisms
responsible for the changes in renal hemodynamics induced by
amino acid infusion or acute protein feeding. Chronic changes
in dietary protein intake are also known to alter GFR and renal
blood flow chronically [1—4, 25], The mechanisms responsible
for these chronic changes in renal hemodynamics are very
likely not identical to those that cause acute protein-stimulated
increases in renal blood flow and GFR, in part because in the
chronic situation it is possible for structural changes to occur in
both the vascular and tubular elements of the kidney that could
affect renal hemodynamics. It is not the intent of this review to
discuss possible mechanisms by which chronic alterations in
dietary protein intake cause changes in renal hemodynamics.
However, there is some information available regarding inter-
actions between acute and chronic protein feeding in altering
renal hemodynamics that is pertinent to the subject of this
paper.
Several investigators have compared the renal hemodynamic
responses to amino acid infusion or a high protein meal in
normal human subjects on low, normal, and/or high protein
diets. The results of these studies are summarized in Table 1.
As can be seen, there is not total agreement in the literature as
to how the chronic level of dietary protein influences the acute
response to a protein meal, although it does appear to have
some potential to do so. Some of these discrepancies may be
related to the length of time the subjects were maintained on a
particular diet before performing the experiment, as well as to
other factors that may have been altered by the diets. For
example, sodium intake was lower during protein restriction in
at least one study [114], and it is known that the renin-
angiotensin system is altered by changes in dietary protein
[58—601. In light of our experiments in dogs discussed above
[50], it seems unlikely that these particular factors can explain
any differences in renal hemodynamic responses to a meat
meal, but similar changes in other hormonal systems might play
a role.
In summary, it does not appear that increases in dietary
protein prevent postprandial renal vasodilation and hyperfiltra-
tion in normal individuals, although they may modify these
responses. It does appear that maximal renal vasodilation and
hyperfiltration do not occur with either stimulus (that is, acute
or chronic protein feeding) alone. These findings are important
clinically, because the renal hemodynamic responses to acute
protein feeding or amino acid infusion are often used as an
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Table 1. Effects of dietary protein levels on renal reserve in humans
Acute
Chronic maneuver Chronic response stimulus Acute response Reference
Low protein 60 g/day ERPF, GFR Amino acids Same as on normal protein (100 to 120 glday)
Protein restriction 0.6 g/kglday ERPF, NC GFR Meat meal Reduced in GFR, in ERPF same as on high
protein (1.8 g/kg/day)
Low protein 0.3 g/kg/day NC ERPF, . GFR Protein meal in GFR same as on high protein (2 g/kg/day), j'
in ERPF on low but not high protein
Low protein 40 g/day ERPF, GFR Meat meal t ERPF and t GFR greater on percentage basis
than on normal protein (75 g/day)
[1121
[113]
[5]
[114]
Abbreviations are: ERPF, effective renal plasma flow; GFR, glomerulãr filtration rate; NC, no change.
Table 2. Renal reserve in individuals with reduced renal mass
Subjects Acute stimulus Acute response Reference
Humans with uninephrectomy Amino acids % in GFR similar to normal individuals
Humans with single kidneys Meat meal % in Ce,. similar to controls
Human kidney donors Meat meal % in Ccr normal
Humans with solitary kidneys Protein load % in GFR greater than in controls
Rats with 2/3 ablation of left kidney Glycine % f in SNGFR and SNPF blunted
Rats with 3/4 infarct of left kidney, right Oral protein load % in GFR similar to controls
nephrectomy, on low protein diet
Human transplant recipients Meat meal I in GFR impaired in some but not all patients
Human transplant recipients Meat meal in RBF same as in donors
Children with single kidneys Meat meal no I in ERPF or GFR
[122]
[126]
[127]
[121]
[128]
[67]
[110]
[111]
[129]
Abbreviations are: GFR, glomerular filtration rate; Car, creatinine clearance; SNGFR, single nephron GFR; SNPF, single nephron plasma flow;
RBF, renal blood flow; ERPF, effective renal plasma flow.
index of "renal reserve" in normal and diseased kidneys [110,
115—123]. If the intent of measuring "renal reserve" is to
determine the maximal physiological vasodilatory capacity of
the kidneys (that is, the absolute maximum GFR and ERPF
achievable physiologically), clearly the background dietary
protein intake must be known and taken into consideration.
As discussed below, a number of disease states can influence
the ability of the kidneys to respond to high protein meals or
amino acid infusions. At least two studies have looked at the
effects of changes in dietary protein intake on renal reserve in
disease states. In the first, it was found that protein restriction
restored a normal renal hemodynamic response to an acute
protein load in type 1 diabetic children, in whom higher dietary
protein intakes prevented the response [261. Likewise, in pa-
tients with glomerulonephritis, protein restriction restored the
normal response to amino acid infusion, which was absent on a
higher dietary protein intake [124]. Thus, the background level
of dietary protein may determine whether or not "renal re-
serve" is present in patients with disease.
Renal responses to acute protein feeding in disease states
Reduced renal mass
When the normal mass of renal tissue is reduced by nephrec-
tomy or disease, the kidney undergoes compensatory hypertro-
phy, and the single nephron GFR and renal plasma flow of the
remaining nephrons increase, thus helping to compensate for
the initial loss of function. Although complete compensation for
lost function is never achieved, individual nephrons can in-
crease their GFR by as much as 75% when renal mass is
reduced [125]. There has been increasing use of kidney trans-
plantation as a treatment for end-stage renal disease in recent
years, and efforts are made to use living related donors for this
procedure whenever possible. Logically, questions have arisen
as to how uninephrectomy affects overall kidney function in
otherwise healthy individuals. There is also a scientific interest
in the physiological mechanisms responsible for compensatory
renal hypertrophy, which are as yet not well understood. For
these reasons, a number of investigators have addressed the
question of whether acute protein feeding or amino acids can
cause further vasodilation and hyperfiltration in nephrons that
have already increased their function due to reductions in total
renal mass. The results of several studies addressing this
question are summarized in Table 2. It appears that although
chronic hyperfiltration is present in remnant nephrons when
total renal mass is reduced, the normal response to acute
protein feeding or amino acid infusion is generally not abol-
ished, but it may or may not be blunted.
Diabetes
During the early stages of uncontrolled diabetes mellitus,
renal blood flow and GFR are generally increased; chronic
diabetes, on the other hand, results in progressive deterioration
of renal function [130]. A number of studies have looked at the
renal hemodynamic responses to amino acid infusion or acute
protein loading in patients with diabetes mellitus, but there is
little consistency in the findings. As shown in Table 3, the
reported responses of diabetic individuals to acute protein loads
or amino acids range from normal increases to actual falls in
GFR. There are many possible explanations for the discrepan-
cies between studies, including a lack of control of dietary
intakes before the experiments. Indeed, it has been shown that
diabetic children [26] and adults [132] increase GFR and ERPF
after an acute protein load when they have been on a low
protein diet, but not when they have been on a high or normal
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Table 3. Renal reserve in diabetic individuals
Subjects Acute stimulus Acute response Reference
Treated diabetic patients Amino acids Similar to controls [123]
Patients with insulin-dependent diabetes and Amino acids No C in GFR or ERPF [1191
normal or impaired renal function
Hyperglycemic streptozotocin-induced diabetic rats Glycine NC in SNGFR or SNPF 1116]
with normal renal function
Patients with type 1 or type 2 diabetes and normal Protein loading in GFR, NC in ERPF [6]
or reduced baseline GFRs
Diabetic subjects with normal baseline GFRs Meat meal Normal response [131]
Diabetic subjects with elevated baseline GFRs Meat meal No further C in GFR [131]
Diabetic patients with normal urine albumins Protein (tuna) meal Normal j' in GFR [104]
Diabetic patients with albuminuria Protein (tuna) meal No in GFR [104]
Euglycemic, insulin-dependent diabetics Meat meal Impaired response of GFR and ERPF [66]
Diabetic patients Protein meal t in GFR similar to controls(inspection of raw data suggests
response was somewhat impaired)
[15]
flow; SNGFR, single nephron GFR; SNPF, single nephronAbbreviations are: GFR, glomerular filtration rate; ERPF, effective renal plasma
plasma flow; NC, no change.
protein diet. Likewise, three weeks on a low protein diet
restored a normal GFR response to a meat meal in hyperfilter-
ing adult diabetics [1311. Many other variables complicate these
studies in diabetic patients, including the length of time since
the onset of the disease, the degree of control of the hypergly-
cemia, the degree of either hyperfiltration or reduced renal
function at the beginning of the experiment, and the degree of
accompanying renal disease. In general, however, it does
appear that the earlier in the course of diabetes, the lesser the
degree of renal disease, the better the control of blood glucose,
and the more normal the baseline renal function, the more likely
that a diabetic patient will show normal renal hemodynamic
responses to acute protein feeding.
Renal disease
As mentioned above, for a number of years the renal hémo-
dynamic response to acute protein loading or amino acid
infusion has been used as an index of "renal reserve" in normal
and diseased kidneys [110, 115—1231. The use of this test was
suggested because it is possible for patients with confirmed
renal disease to have baseline GERs that fall within the normal
range for healthy individuals. It was hoped that by measuring
the response to a physiological stimulus that increases GFR in
normal kidneys, the presence and/or severity of the underlying
renal disease could be unmasked. Presumably, in patients with
normal baseline GFRs, the normal renal hemodynamic re-
sponse to acute protein feeding or amino acid infusion would be
absent or blunted, thus signifying the presence of renal disease.
This information, in combination with the baseline GFR, could
hopefully be used to provide a prognosis for the progression of
the disease in these patients.
With these diagnostic possibilities in mind, several studies
have looked at the renal responses to amino acid infusion or
protein feeding in patients with varying degrees of renal dis-
ease. Bosch, Lauer and Glabman defined two indices of renal
function: the filtration capacity, or maximum GFR achieved
after acute protein loading, and the renal reserve, or absolute
change in GFR after protein loading [1151. A third index of
response would be the percent increase in GFR from baseline
values. Qualitative evaluation of the renal hemodynamic
changes after a protein meal appears to depend on which index
of response is considered.
For example, in their earlier study, Bosch et al found that
patients with renal disease had a reduced renal reserve and/or a
diminished filtration capacity; the reduction in filtration capac-
ity appeared to correlate with the degree of renal damage [115].
In a subsequent study these investigators reported similar
findings, however, the percent increase in GFR and ERPF from
baseline values (20 to 25%) was similar in normal subjects and
in patients with chronic renal disease with initial GFRs ranging
from 20 to 113 mI/mm [6]. Thus, the remaining functioning
nephrons in these patients appeared on the average to be
equally capable of increasing filtration in response to the
stimulus as were nephrons of normal kidneys.
One group reported that patients with glomerulonephritis and
normal renal function did not increase creatinine clearance after
a meat meal [68]. Another study reported that the renal hemo-
dynamic response to a protein load in nephrotic patients was
somewhat reduced, although still present [118]. On the other
hand, in children with chronic renal failure GFR and ERPF
were found to increase more after a meat meal on a percentage
basis than in controls [1171. Likewise, Chan et at reported that
GFR increased as least as much on a percentage basis after
protein feeding in patients with glomerular disease as in con-
trols [48]. These investigators argued that fractional secretion of
creatinine is elevated in patients with chronic glomerular dis-
ease but falls after protein loading in these individuals, render-
ing creatinine clearance an unacceptable measure of changes in
GFR under these conditions [48]. They also maintain that
protein loading is not likely to provide a useful test of the extent
of glomerular injury in these patients, because a postprandial
rise in GFR will only become impaired in the final stages of
renal disease, when baseline GFR is less than 50% of normal
[48]. A further complicating factor in the use of "renal reserve"
measurements is that dietary protein intake can markedly
influence the acute renal hemodynamic responses to amino
acids or protein, as discussed above [5, 113, 114]. Thus, the
usefulness of "renal reserve" measurements for diagnostic or
prognostic purposes is in question, but it is possible that such
Woods: Renal vasodilation and protein feeding 671
measurements can still be extremely useful in helping to eluci-
date the physiologic and pathophysiologic mechanisms of nor-
mal renal function and renal disease processes.
Hypertension
Several studies have looked at the renal hemodynamic re-
sponses to protein loading or amino acid infusion in hyperten-
sive individuals. Compared to normal controls, the increase in
creatinine clearance after amino acid infusion [133, 1341 or a
protein meal [44] was found to be blunted in essential hyper-
tensive patients, despite normal baseline renal function in the
hypertensives. It was hoped that loss of renal reserve could be
used as an indicator of glomerular hypertension, thus identify-
ing patients at risk of developing renal disease. On the other
hand, in another study, patients with essential hypertension
were found to increase GFR equally as well as controls in
response to an oral protein load [135]. This finding, as well as a
lack of change in albumin excretion and the glomerular re-
sponse to protein after administration of a converting enzyme
inhibitor, led these investigators to question the existence of
increased glomerular pressure in patients with essential hyper-
tension.
Several animal studies have also looked at the renal response
to amino acids in hypertensive animals. In hypertensive rats
with 2/3 of the left kidney ablated and a clip on the right renal
artery, glycine failed to increase single nephron GFR and
plasma flow in the unclipped left kidney [128]. In rats with
two-kidney one-clip Goldblatt hypertension, intravenous infu-
sion of glycine also failed to alter single nephron GFR or plasma
flow in the unclipped kidney, whereas in normal rats an increase
of 24% was seen [55]. Normalization of arterial pressure and the
transcapillary pressure gradient per se did not restore the
response to glycine in these rats. Treatment with the converting
enzyme inhibitor captopril did restore the normal response,
whereas treatment with verapamil did not [55]. This finding is in
agreement with our studies in normotensive dogs, in which
verapamil blocked the response to protein feeding but captopril
did not [50, 93]. Thus, normalization of these variables may
restore the renal reserve as long as the antihypertensive agent
used does not itself interfere with the mechanism of amino
acid-induced renal vasodilation. However, as these investiga-
tors concluded, there is no consistent correlation between loss
of renal reserve and glomerular hypertension, nor does the
former necessarily indicate the presence of the latter.
Methodologic considerations
As in many areas of science and medicine, a major obstacle in
determining the physiologic mechanisms responsible for amino
acid- or protein-stimulated renal vasodilation and hyperfiltra-
tion has been the lack of ideal techniques to study the problem.
If a circulating hormonal mediator is involved, glucagon ap-
pears to be the most likely possibility, yet a specific antagonist
to glucagon has not been readily available. Blockade with
somatostatin, which has many other effects, or surgical removal
of the pancreas have been the only methods used to address this
question.
Likewise, the techniques available to test the hypothesis that
TGF is involved in mediating the changes in renal hemodynam-
ics have also been limited. Blockade of TGF in one nephron
while the surrounding nephrons remain intact leaves the poten-
tial for "crosstalk" to occur between nephrons and could give
misleading results. Micropuncture techniques also require the
animal to be anesthetized. Fortunately, anesthesia does not
interfere with amino acid-induced renal vasodilation, although
it is difficult to do protein feeding studies in anesthetized
animals. On the other hand, methods of blockade of TGF at the
whole-kidney level are indirect and most models have other
abnormalities, such as high renal resistance or high levels of
renin or prostaglandins, that could bias the results. Indeed,
some of these abnormalities are a direct result of blockade of
TGF, and are to be expected. In our laboratory, we have used
a variety of models to test this hypothesis, in an effort to ensure
that the abnormalities were at least different from study to
study. We have also conducted most of our studies in conscious
animals, to obviate any complicating effects of anesthesia and
surgical stress. It is reassuring to find that our results were
consistent from study to study, regardless of the specific
methods used. However, there is still room for the development
of new techniques to test this hypothesis.
Investigation of these questions in human subjects is espe-
cially difficult because of a paucity of relatively noninvasive
methods to study renal function. It is also more difficult to
control external factors such as diet in humans than in labora-
tory animals, and to obtain reliable urine collections. Some
clinical investigators have chosen to use creatinine clearance as
an estimate of GFR because of its relative ease, but at least
under some conditions it does not appear to be a good marker
of changes in GFR [98, 108, 1361. Finally, all of these potential
problems are compounded when one wishes to study patients
with various forms of renal disease, in addition to the difficulty
in defining a uniform population of diseased patients. Thus,
there are still obstacles to be overcome in determining the
precise mechanisms by which acute protein feeding alters renal
hemodynamics, but the substantial progress that has been made
in this field over the past few years is very encouraging.
Theoretical model
It would be very satisfying at this point to be able to draw all
of this information together into a single model that was
consistent with all the experimental data presented. Unfortu-
nately, since some of the data (and not just the conclusions) are
in direct conflict with each other, such a plan is not possible.
However, it is possible to devise a model that is consistent with
much of the data in the literature as well as with our broader
understanding of physiological principles. When there are con-
flicts and inconsistencies in the literature, it is this author's bias
to rely most heavily on studies with the tightest control of
external factors, those using the most reliable techniques, and
those whose conclusions have been confirmed or supported by
other studies and by other laboratories. With these priorities in
mind, and recognizing that we still have much to learn about the
cellular mechanisms involved, the following model is proposed
as a simple framework on which to build and which should
suggest future directions for investigation.
A protein meal is digested and acutely raises plasma amino
acid concentrations; this increase can also be mimicked by
infusing amino acids intravenously. These amino acids are
filtered at the glomerulus and act directly on the kidney to
stimulate proximal tubular sodium reabsorption—no circulating
hormonal mediator is required, but the cells must be in a
672 Woods: Renal vasodilation and protein feeding
normal, healthy metabolic state. In addition to direct stimula-
tion of proximal sodium reabsorption, amino acids may also
change the sensitivity of the macula densa sensing mechanism
by altering cell permeability, etc. Sensing a reduced tubular
sodium chloride concentration, the macula densa cells release
EDRF and prostaglandins locally, which cause afferent arterio-
tar vasodilation, possibly by impairing voltage-dependent cal-
cium channels in the smooth muscle cell membrane. This
afferent vasodilation results in increased renal blood flow and
GFR.
This model can account for much of the data in the literature,
the major exception being the possibility of a need for glucagon
as a circulating mediator. However, as a careful review of the
literature makes clear, the importance of glucagon in the renal
hemodynamic response to acute protein feeding is far from
certain. In this model, a possible role for glucagon in maintain-
ing renal cells in a healthy metabolic state is left open. The
proposed model stresses the importance of proximal tubular
amino acid and sodium transport, the TOF mechanism, EDRF,
prostaglandins, and voltage-dependent calcium channels as
steps in the process by which acute protein teealng or amino
acid infusion increases renal blood flow and GFR, thus taking
into account what are currently the most widely supported and
least disputed concepts in this field. However, despite substan-
tial progress in recent years toward elucidating the physiologic
mechanisms by which acute protein ingestion alters renal
hemodynamics, there is clearly a need for additional studies.
The proposed model will no doubt require modification as new
data are obtained.
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